It is a well-established fact that the cortical filters selective for spatial frequency and orientation have a limited spatial extent. The present study investigated how information from local filters is integrated into global shapes. Specifically, we were interested in whether identification of a global pattern consisting of small oriented, spatially-bandpass features (Gabor patches) depends on the orientations of those features. The observer was presented with a C-like stimulus shape comprised of oriented Gabor elements on a blank background, and the performance measure was the threshold contrast for identifying the global orientation of the C-shape (four possible rotated orientations). Performance was significantly enhanced (i.e. contrast thresholds were lower) when the local features were aligned with the C-contour than when the features were orthogonal to it or they had mixed local orientations (randomly both aligned and orthogonal). Control experiments showed that the alignment of local features improves global pattern perception only when the features are close to each other. In contrast, a close spacing between the features interfered with global pattern perception when the local orientations were mixed.
Introduction
Both single-cell recordings in the primate visual cortex and psychophysical studies of human vision have indicated that early visual processing occurs in a spatially discrete manner: the cortical receptive fields selective for different orientations and spatial frequencies, have a limited spatial extent (e.g. Hubel, 1988; Zeki, 1996) . Even though there are well-established facts about the early stages of visual processing, we know much less about the psychophysical constraints and neural basis of the mechanisms by which these discrete samples of visual stimuli are integrated into coherent percepts of objects (Barlow & Reeves, 1979; Smits, Vos, & van Oeffelen, 1985; Beck, Rosenfeld, & Ivry, 1989; Field, Hayes, & Hess, 1993; Kovács & Julesz, 1993; Kovács & Julesz, 1994; Hess, Dakin, & Field, 1998) .
Using psychophysical techniques, several studies have investigated the mechanisms which mediate the integration of local features into global shapes (e.g. Barlow & Reeves, 1979; Smits et al., 1985; Beck et al., 1989; Field et al., 1993; Kovács & Julesz, 1993 Hess et al., 1998) . For instance, Field et al. (1993) explored the ability to detect a contour composed of oriented local (Gabor) elements among a background also consisting of similar elements. The local orientations of the elements in a contour to be detected were correlated whereas the elements in the background had random orientations. Their main finding was that in order to perceive the contour, the orientations of the elements had to be aligned along the contour path, i.e. performance deteriorated when the orientations were orthogonal to the path.
In almost all previous studies concerned with the integration of local stimulus information into global shapes, the observers' task was to detect a target pattern embedded in background noise. The only exceptions were Bonneh and Sagi (1998) and Saarinen, Levi, and Shen (1997) . Bonneh and Sagi presented observers with a single stimulus pattern to be identified in the absence of any background noise and the task was to detect just the presence of a stimulus pattern. Thus, even the detection of a single element of the whole configuration produced a correct response. Our experiments are unique, in that the observer was required to identify the global shape (i.e. the detection of only part of the pattern is not sufficient for a correct response).
In the present study, the display contained a global pattern shape (a C-like pattern in one of four rotated orientations) consisting of 16 local features (oriented spatially-bandpass Gabor patches) on a blank background, and the performance measure was the threshold contrast for identifying the global pattern orientation (Fig. 1) . The purpose of these experiments was to test whether performance in identification of a global pattern consisting of local features depends on the orientations of those features, i.e. how information from orientation selective cortical filters is integrated into a global pattern shape.
Specifically, we compared contrast threshold for identification of a global C-pattern when the local features are aligned with the curved C-contour path, orthogonal to the C-contour, or the orientations are mixed (i.e. randomly both aligned and orthogonal). Since the 'global orientation' of the stimulus shape was a curved contour (composed of different local orientations of up to 360°), we can assume that no simple contour integration mechanism would underlie the possible effects of local orientation (aligned, orthogonal, and mixed) on the perception of the global C-shape.
The effect of local orientation

Methods
Apparatus and stimuli
Stimuli (shown in Fig. 1 ) were displayed on the face of a Monoray high brightness monitor using a Cambridge Research Systems VSG 2/3 graphics card with 15 bit contrast resolution, housed in a Pentium computer. The pixel size was 0.26 mm× 0.26 mm, and the frame rate was 72 Hz (non-interlaced). The average luminance of the display area (6.5°× 6.8°) was approximately 80 cd/m 2 . The observer viewed the screen binocularly from a distance of 224 cm with normal overhead illumination. A fixation point (a black square of 0.05°) was constantly present at the center of the screen in all tasks and stimulus conditions.
The pattern to be identified on a blank background was composed of 16 Gabor elements, i.e. the luminance distribution of one element is described by the product of a circular Gaussian and an oriented sinusoid. In the main experiment, the standard deviation and carrier spatial frequency of the element were fixed to 5.2 arcmin and 5.2 cpd, respectively. The Gabor elements formed a C-shaped global pattern presented in one of four rotated orientations (up, down, left, or right), and the observers' task was to identify the pattern orientation (i.e. a four-alternative forced-choice). The distance between the centers of the Gabor patches was 0.47°(or :2.5 spatial periods of the carrier grating), the radius of the C-contour was 1.5°, and the gap size was four patches.
We used three stimulus conditions to study the integration of local features into a global form: in the first condition (aligned orientations) the Gabor elements were aligned with the contour of the C-pattern, in the second condition (orthogonal orientations) the elements were orthogonal to it, and in the third one (mixed orientations) they were randomly both aligned with and orthogonal to the global contour (with a probability of 0.5 of each element being aligned or orthogonal).
Procedure
On each trial, a C-pattern was flashed for 200 ms (accompanied by a tone) in the center of the screen, with the gap appearing randomly in one of four orientations (up, down, left, or right). The observer responded by pressing one of four buttons indicating the orientation of the global shape. Visual feedback was provided after each response.
The performance measure in each stimulus condition was the threshold contrast of the Gabor patches for identifying the global pattern orientation, i.e. how much contrast the observer needed to perceive the C-orientation (the contrast of all the 16 patches was equally varied). Psychometric curves with five near- threshold contrasts were obtained using the method of constant stimuli. Contrast thresholds were estimated based on the Quick algorithm for finding a threshold and slope for a Weibull function. Each estimate, corresponding to the contrast resulting in 72.4% correct performance, was based on 125 trials. Final contrast thresholds presented in Section 2.3 refer to the weighted means of at least four individual threshold estimates.
Obser6ers
Three practiced observers with normal or correctedto-normal vision participated in the study. One of the observers is an author (JS), whereas JP and KL were not aware of the purpose of the experiments.
Results
Identification of a global C-shape was significantly easier (i.e. thresholds were lower) when the local features were aligned with the global contour of the C-pattern, than when they were either orthogonal to the C-contour, or were mixed (randomly both aligned and orthogonal - Fig. 2a [individual data] and Fig. 2b [averaged data, normalized to the orthogonal thresholds]). A repeated measures one-way ANOVA on the averaged data confirmed that there were statistically significant performance differences between the three stimulus conditions [F(2, 4)=40.4, P B 0.01]. In addition, Scheffe F-tests revealed that both aligned vs. orthogonal and aligned vs. mixed performance differences were significant (P B 0.05), whereas the orthogonal and mixed conditions did not differ significantly from each other (P\ 0.05). Hence, there is a significant effect of local elements on pattern identificationobservers need less contrast to perceive a global contour whose defining features are consistent with its orientation (Nothdurft, 1992; Field et al., 1993; Saarinen et al., 1997; Bonneh & Sagi, 1998; Hess et al., 1998) . Similarity of the local orientations when the features are not aligned with the global contour path did not produce enhancement, i.e. the orthogonal stimulus condition was similar to the condition of the mixed local orientations.
The effect of the gap size in C-pattern
Since the observer's task was to identify the position of the gap in a C-pattern, it might be argued that the enhancement effect is related to gap detection, rather than to global pattern identification mechanisms. Therefore, in the first control experiment, we varied the size of the gap in a C-pattern by removing N patches (where N varied from 1 to 12) to test whether the enhancement effect depends on gap size.
Methods
The stimuli, the observer's task, and the procedure for estimating pattern identification thresholds were similar to those of the main experiment, except that the gap size was varied by deleting adjacent patches (1, 2, 4, 6, and 12) in a C-pattern. In this experiment, the standard deviation and spatial frequency of the patch were 4.3 arcmin and 7.1 cpd, and the patch-topatch distance was 0.26°.
Results
The results of the control experiment (Fig. 3) showed that the gap size does not play a strong role in the enhancement effect. Irrespective of the size of the gap in a C-contour, contrast thresholds were lower when the local features were aligned with the global contour of the C-pattern. This suggests that the enhancement effect is related to the identification of a global contour, rather than to the task of detecting a gap.
The effect of inter-patch distance
In the second control experiment, we studied the spatial extent of the feature integration mechanism by varying the inter-patch distance. This manipulation was accomplished by varying the number of elements in a fixed-radius C-contour: since the radius of the C-contour was constant, the inter-patch distance depends on their number.
Methods
The stimuli, the observer's task, and the threshold estimating procedure were identical to those of the previous control experiment, except that the uniform distance between the Gabor patches was varied between : 1.0 and 0.21°by varying their number (6, 12, 24, and 30) . Since the radius (1°) of the Cshape was constant, the patch-to-patch distance varied in inverse proportion to the number of patches. In this experiment, the gap size was fixed at one patch (irrespective of the number of patches). Fig. 4a shows the contrast thresholds for identifying the gap orientation plotted against the number of patches, and Fig. 4b depicts the same data replotted as a function of patch separation. When the local orientations were aligned with the global C-path, the pattern identification improved with a decreasing inter-patch distance, whereas in the orthogonal stimulus condition thresholds were almost independent of the distance between the local features. The critical interpatch distance was about 3-4 times the grating period (cf. Bonneh & Sagi, 1998; Saarinen et al., 1997) . Interestingly, mixed orientations interfere with pattern identification when the inter-patch distance is small. This result is in agreement with those of Bonneh and Sagi (1998) who measured contrast thresholds for smooth (collinear) and jagged (non-collinear) contours composed of small Gabor patches. They found that when 'delimiters' (orthogonal patches) were placed in an otherwise smooth contour, contrast thresholds increased with increasing 'delimiter' number, i.e. when the local orientations in the stimulus contour became more mixed. In addition, Bonneh and Sagi (1998) showed that the increase in thresholds could not be predicted by probability summation between cortical filters. the orientations of the features are aligned with the global contour path. A number of previous studies have reported that integration of local information can aid 'pop-out' or enhance discrimination of figures embedded in distractors (Beck et al., 1989; Field et al., 1993; Kovács & Julesz, 1993 Smits et al., 1985; Hess et al., 1998) . Our study differs from the previous studies in that, rather than a figure-ground discrimination, our experiments measured contrast thresholds for shape identification at various stimulus conditions. Interestingly, similar long-range effects (both enhancement when aligned and interference with mixed orientations) occur in circularity judgements (Levi & Klein, 2000) .
Results
These results show that local orientation can influence global pattern perception. One explanation that has been proposed for effects of this sort is based on local interactions which facilitate propagation of neural activity along a contour path (Field et al., 1993; Polat & Sagi, 1993 Bonneh & Sagi, 1998; Hess et al., 1998) . Since the interactions are cooperative and local in nature, they are adaptive, and able to integrate such complex stimulus features as curvature. These local interactions could be accomplished neurally in several ways. For example, end-stopped units could have a role in the enhancement effect. A stimulus placed in the end-zone of a neighboring filter, would reduce inhibition, thus enhancing the response of the filter (Yu & Levi, 1997) .
It is also possible that the enhancement effect in our experiments may result from the activity of 'collateral' units at various levels of the visual system. Single-cell recordings in the primate visual cortex have indicated that the neurons in intermediate visual areas V2 and V4 are not just selective for local orientation and spatial frequency, but for more complex stimulus features-such as the curvature of a contour and the shape of a circle (Gallant, Connor, Rakshit, Lewis, & Van Essen, 1996; Hegdé & Van Essen, 2000) . These neurons could integrate the shape of the C-contour, resulting in better performance for smooth contours composed of aligned elements than discontinuous contours consisting of orthogonal and mixed elements.
